The goal of this paper is to design an effective Proportional Integral Derivative (PID) controller, which will control the active suspension system of a car, in order to eliminate the imposed vibration to the car from pavement. In this research, Gaussian white noise has been adopted to model the pavement condition, and MATLAB/Simulink software has been used to design a PID controller, as well as to model the effect of the white noise on active suspension system. The results show that the designed controller is effective in eliminating the effect of road conditions. This has a significant effect on reducing the fuel consumption and contributes to environment sustainability.
Introduction

Background
Efforts to optimize fuel consumption have driven and inspired various industries, including the automobile industry, to create a wealth of new inventions and technologies. Since the issue of global warming was brought into the spotlight, the mechanics of the automobile industry have evolved rapidly, due to the greenhouse gas emissions produced by internal combustion engines. The advancement of technology within the power industry have helped in reducing fuel consumption, as well as in the reduction of greenhouse gas emissions [1] .
Greenhouse gases released by vehicles include carbon dioxide, carbon monoxide, nitrogen dioxide, ozone and methane, among others. The repercussions of burning fossil fuels amount to more than just a foul smell; the aftermath of these greenhouse gases impacts the health of humans, animals and plants alike, thus disturbing the environment and its inhabitants [2] . Within the environment, greenhouse gases disrupt the biogeochemical cycles that exist in nature resulting in problems, such as temperature rise, erosion, and droughts. One problem is the melting ice caps; even a minute temperature rise can result in rising water levels, which also increases the number of natural disasters occurring in various areas. A rise in water levels also promises depletion in land mass, due to water levels overflowing, and swallowing coastal areas. Furthermore, car emissions, along with many by-products of plants, cause the radiation from the sun to be trapped inside the Earth's atmosphere, resulting in the overall raising of the temperature. The aforementioned consequences develop into bigger problems, such as those which can already be observed in the La Nina and El Nino phenomena, and events in the Atlantic, as well as increased cyclone activity in the Indian Ocean [3] .
Regarding the impact on humans, these greenhouse gases play an important role in the climate change that is affecting the entire globe (global warming), and may threaten the welfare of humans-physically and economically. For example, when ozone levels increase in lower elevations, it can have a direct impact on human health, including harming the respiratory system. The economy can also be affected, because of individuals who suffer from health problems caused by these issues. Furthermore, as the automobile industry grows, the use of fossil fuels will grow exponentially, bringing closer the possibility of a future with no fossil fuels, which will result in the economic downfall of bigger entities such as countries. Other greenhouse gases, such as fluorinated gases, do not interfere directly with human health, but do hurt the environment greatly, and on different levels [4] .
Due to the rate at which fossil fuels are used annually (11 billion tons of oil and four billion tons of crude oil, per annum), oil deposits on Earth are predicted to run out by 2052. Furthermore, compensating the energy deficit of the oil deposits through using natural gas will only extend the lifetime of fossil fuel energy by an additional eight years. After this, the only remaining form of fossil fuel energy left would be coal. To fill in the energy gap of both the oil and natural gas deposits, coal would be so extensive we run out of fossil fuels by the year of 2088 [5] . Fossil fuels have, thus far, been the main source of energy, but with the passing of time, different sources of energy alternatives have been developed to prevent the consequences that arise from using just fossil fuels. For instance, instead of having only internal combustion engine vehicles, there are a variety of eco-friendly vehicles available, which are being used instead. Some of these eco-friendly energy sources include electronically powered vehicles, hybrid vehicles (using more than one source of energy), compressed air, etc. [6] . There are many of problems that come with the use of fossil fuels, out of which the issues with the greatest impact are its scarcity and the cost it imposes on the planet. Fossil fuels are the only plausible option for many vital functions and processes; the most important of these is transportation. Therefore, using this source of energy wisely and as efficiently as possible is a must [7] .
Factors Effecting Fuel Efficiency
Fuel efficiency can be described as how well the chemical energy of the fuel in question is converted into kinetic energy, in terms of powertrains. Fuel efficiency varies according to several factors, including the application, the size of the vehicle, the vehicles design, power, engine parameters, and many others. Factors that affect fuel consumption are design-related, environment-related, and motorist driving strategy-related factors. Together, and individually, these factors determine how much energy needs to move the vehicle [8, 9] .
Vehicle Design Factors
To design a vehicle with the lowest fuel consumption rate (irrespective of the energy source) is one of the main goals of modern car manufacturers. Car manufacturers have expended great effort on developing, and successfully applying, different approaches to a vehicle's design (especially the vehicle's size) in order to reduce its fuel consumption, as well as the harmful gases emitted. There are several parameters falling under this design category, including the aerodynamic drag, engine parameters, rolling resistance, load, and fuel type. The size of the engine refers to how much fuel can be pumped into the engine, in order to be burned and converted into energy. Meaning, the larger the capacity of the engine, the more power the car has (although that over simplifies the concept). When a car has an engine with a capacity of two liters for instance, this means that the total amount of fuel that can fit into the cylinders is two liters, regardless of the number of cylinders. That power is measured in horse power, or brake horse power [10, 11] .
In terms of fuel efficiency, a bigger engine does not always mean worse fuel economy. For instance, a car with a larger engine running at a high speed for a long time will use less fuel than a car with a smaller engine running at the same speed for the same length of time. Furthermore, considering recent technology, it is now made possible for a large engine, of for example six cylinders, to use only three cylinders when that is all that is needed, therefore greatly boosting fuel efficiency [12] .
The aerodynamic aspect of design is concerned with improving the cars exterior to better tackle drag, and to cause lower resistance at higher speeds. At a speed of 50 km/h, the power needed from the engine to overcome air friction is not more than 40% of the engine's power, yet when it comes to speeds greater than 80-90 km/h, the power needed increases to 60%, and more of the engine's power. This is due to drag increasing proportionally to the square of the speed, and the power needed is proportional to the cube of the speed [13] .
Rolling resistance, or rolling friction, is the resistance against the motion of a tire when rolling on a certain surface. Three forms of rolling resistance are in question, namely; permanent deformation, hysteresis losses, and slippage between the surface and the tire. Interestingly, a worn-out tire gives lower rolling resistance than a new one, due to the depth of the tread on the tire and its friction inducing properties-which in turn, leads to lower fuel consumption. Hysteresis losses are the main reason for rolling friction. Because tires are made of a deformable material, the tire is subject to repeated cycles of deformation and recovery, there is energy dissipated as heat. The energy is lost basically when the energy of healing/recovery is less than that of the deformation. Because of rubber's properties, it does not recover or heal over a short period of time-it needs a longer time. Some manufacturers include silicone in the tread of the tires to cut down on the time needed for the tire to recover, and hopefully cut down on the lost energy rates [14, 15] .
Fuel type also influences fuel consumption. A diesel engine delivers better fuel economy for several reasons-the main reason being that diesel contains higher energy content than gasoline. However, that does not mean it affects performance in terms of speed-it instead delivers more power and torque, which is why most trucks have diesel engines. When comparing a diesel engine to a gasoline engine, the difference in fuel economy shows the diesel engines to be 25-30% more fuel economic, and in some cases, up to 40% more economic. The obvious cut back to using a diesel engine is speed in terms of performance, on the other hand, when compared to a gasoline engine of the same size; more economic [16] . A diesel-powered engine is a very sophisticated one and, in a sense, more delicate than a gasoline powered engine. For example, if water somehow gets into the fuel tank (whether it is the suppliers fault or a combination of heavy rain and bad luck), it could lead to many problems, including the most obvious one-severe damage to the engine [17, 18] .
The load on the vehicle is another factor that affects fuel economy of car. When a vehicle is overloaded, the power it requires increases. This is because the engine will need to produce more power to move the vehicle at any given speed, in addition to the increased load on the tires, which in return, increases rolling resistance (which also increases fuel consumption) [19] .
Environmental Factors
The weather and climate influence the fuel economy of cars-although not drastically. In the winter for example, the air is heavier and denser, therefore the air drag coefficient is larger. The tires experience a decrease in pressure which decreases fuel economy. Lubricants, wherever they may be, become cold and harder, and interfere with fuel economy, as well due to the increase in friction. In the summer however, the air is lighter and less dense, making it easier to navigate in contrast [20] .
The terrain in which a car travels can influence its fuel consumption in a positive or negative manner. Rough terrain, ascents, slippery surfaces, sandy/muddy surfaces, and other types of terrain affect fuel consumption negatively. The opposite of these terrains can either not affect the fuel consumption or even affect it positively. For instance, climbing up a hill requires a significantly more power (which means burning more fuel), while descending a hill requires little or no fuel to be used [21] .
Driving within a city uses much more petrol per km when compared to driving on a highway or in the country side. The reason for this that there are limitations and conditions that exist in the city, but not outside it or on the highway; such as traffic, speed bumps, more turns, pedestrians, etc. When driving in the city, the driver must use their brakes a greater number of times, decreasing fuel economy. Another active factor is the fact that in the city, the driver is forced to drive at lower speeds. Speeds lower than the optimum speed also affect fuel consumption, and significantly more when combined with the reasons mentioned. When driving on the highway or the countryside, the limitations faced in the city are either not faced, or significantly lower. The vehicle is much more likely to be driven at optimum speeds, leading to a better fuel consumption rate [22] [23] [24] .
Formulation of the Problem
One of the important factors which has a great influence on fuel consumption of transportation vehicles is pavement condition [25] . It is a fact that, due to the interaction between tire and the pavement, the tires of a vehicle partially deform; this deformation results in the stored potential energy of the tires being converted to heat, which is partly absorbed by the rest of tire, with the remainder being dissipated into the atmosphere [26] . Therefore, it is important to know that higher pavement texture results in more fuel consumption [27] . In past decade, due the problem of global warming and drawbacks of high consumption rate, modelling and simulating the effect of different type of pavement conditions on fuel consumption rate, and its effect on environment, has been a topic of interest for many researchers [28] [29] [30] [31] [32] . Interestingly, the results have continuously shown that pavement smoothness has the highest impact on the rate of fuel consumption: The smoother the road, the less fuel consumption [33] [34] [35] [36] .
There is also energy loss during vehicle transportation on the road. Energy is absorbed and converted to a thermal energy form, by the suspension system and tires, meaning energy loss will be reduced if the suspension system can eliminate the effect of the pavement condition, and make vehicle bounces less [37] . Therefore, designing an effective suspension system to compensate the effects of pavement conditions on vehicle is a way to reduce fuel consumption.
Methods of Improving the Fuel Efficiency
One of the ways to decrease the load/mass of the car is through choosing high-tech materials, as to increase fuel efficiency without jeopardizing the safety of the passenger. Some automakers are trying to use plastic fuel tanks and carbon fiber instead of steel. Alas, carbon fiber, a lightweight and reliable material, is unlikely to be used, due to its hefty price in the market. A record by the EPA (Environmental Protection Agency), shows that for every 45 kg of mass reduced, fuel efficiency can increase by one to two percent (1-2%) [38, 39] .
Modifying the engine appropriately (e.g., adding/improving a turbo charger) can improve efficiency of fuel consumption by up to 4%, and fixing a serious problem (such as a broken oxygen sensor) can improve efficiency by a staggering 40%. Keeping the pressure of the tires in check (at the adequate pressure accordingly) improves fuel consumption by up to 3.3%. Old cars that use a carbureted engine are still in use and by keeping their air filters unclogged could help with fuel economy and acceleration. In more modern cars however, it usually aids with acceleration only [40] [41] [42] .
One crucial step in optimizing fuel efficiency involves developing analytical models to predict the vehicle's fuel consumption and to achieve the desired results. There have been models that compute fuel consumption estimates in cars, with respect to their fuel consumption, characteristics and the surrounding environment. However, these models only represent approximations to these estimates. By adding more variables to the models, the outcomes will become more accurate-but this will result in a less efficient model. This is because mathematical models represent approximations to the real result, while having errors in each of the parameters used. Therefore, the more parameters one uses, the more errors are involved, thus making the model less efficient [43] .
There have been many attempts to enable mathematical models to predict fuel consumption, with different variables in each. The first time metrics mathematical models were utilized to predict vehicle fuel consumption and emissions was by Ahn et al. [44] . The proposed model is a function of speed and acceleration, with constant parameters, and can predict fuel consumption or CO emission rates for an assumed vehicle. According to Ross et al. [45] there are two factors that affect vehicle fuel consumption: The efficiency of the powertrain, and the power required in working the vehicle. He evaluated fuel consumption by finding the product of optimal specific fuel consumption into the sum of the powers of the rolling resistance, air resistance, and inertial acceleration resistance, and then dividing it by the product of the efficiency of transmission with the average speed of the vehicle and the fuel density. In another research, on analytic modelling of vehicle fuel consumption, it has been shown that the fuel consumption can be found by using the calorific value of fuel per 100 km [43] . This was done by finding the sum of energies of the forces required to overcome resistance and the kinetic energy required for episodic accelerations, and then dividing it by the calorific value of the fuel used. In 2008, Smit et al. [46] conduct a study which examined how, and to what extent, models used to predict emissions and fuel consumption from road traffic, including the effects of congestion. In 2011, Rakha et al. [47] developed a fuel consumption model which can be easily integrated within a traffic simulation framework. In 2015, Tang et al. [48] proposed a model to investigate the impacts of the driver's bounded rationality and the effect of signal lights on the fuel consumption. In 2017, a fuel consumption model for heavy duty tracks has been proposed by Wang et al. [49] .
Methods of Improving the Vehicle Suspension
From the point of view of ride safety, the most important element of the vehicle (which has a direct impact on passengers comfort) is the suspension system [50] . Nowadays, with advancements in the car manufacturing industry, companies attempt to provide a smooth ride for passengers through the development and manufacture of more advanced vehicle suspension systems. These systems are able to minimize the effects of uneven pavement conditions of roads on the passengers [51] . In 2016, Kognati et al. [52] proposed a unified approach to model complex multibody mechanical systems, and design controls for them. Pappalardo et al. [53] , in 2017, proposed a novel methodology to address the problems of suppressing structural vibrations, and attenuating contact forces, in nonlinear mechanical systems; and in 2018 they developed an adjoint method-which can be effectively used for solving the optimal control problem, associated with a large class of nonlinear mechanical systems [54] . Nowadays, to optimize the quality of travel by cars, various types of controllers (such as adaptive control [55] , Linear Quadratic Gaussian (LQG) control [56] , H-infinity [57] , Proportional (P) controller [58] , Proportional Integral (PI) controller [59] , and Proportional Integral Derivative (PID) controller [60] ) have been utilized, in order to control the car suspension system and to eliminate the vibration coming from the pavement. In 2014, Li et al. [61] proposed an output-feedback H∞ control for a class of active quarter-car suspension systems with control delay. In 2015, AENS et al. [62] performed a Comparison between passive and active suspensions systems. In 2016, Buscarino et al. [63] investigated the role of passive and active vibrations, for the control of nonlinear large-scale electromechanical systems, which have also been investigated by Zhao et al. [64] , in 2016, who utilized adaptive neural network control for an active suspension system with actuator saturation. Taskin et al. [65] , in 2017, investigated the effect of utilizing fuzzy logic controller on an active suspension system based on a quarter car test rig; and in 2018 a control scheme, utilizing Hybrid ANFIS PID, was proposed by Singh et al. [66] , in order to improve the passenger ride comfort and safety in an active quarter car model. Furthermore, Fauzi et al. [67] , in 2018, developed a state feedback controller to reduce body deflection caused by road disturbance, to achieve the ride comfort of driver and passengers.
Scope and Contribution
The goal of this paper is to design an effective PID controller, to control the active suspension system of a car, in order to eliminate the imposed vibration to the car from pavement, which has a major role in the fuel consumption rate. In this research, the Ahn mathematical model has been utilized to model the fuel consumption rate, and Gaussian white noise has been adopted to model the pavement condition. The logic behind selection of this type of noise is the randomness property of it. Generally, the term noise or random fluctuations characterize all physical systems in nature. The apparently irregular or chaotic fluctuations were considered as noise in all fields, except in a few, such as astronomy [68] .
The term "white" refers to the frequency domain characteristic of noise. Ideal white noise has equal power per unit bandwidth, which results in a flat power spectral density across the frequency range of interest. Therefore, the power in the frequency range from 100 Hz to 110 Hz is the same as the power in the frequency range from 1000 Hz to 1010 Hz. The term "Gaussian" refer to the probability density function (pdf) of the amplitude values of a noise signal. The color of the noise refers to the frequency domain distribution of the noise signal power. Since the white noise contain all frequencies, it can be considered as random input, which simulates the any type of pavement condition. In this case instead of simulating the road conditions with different color noises simply the Gaussian White Noise can be utilized [69] .
In this research, MATLAB/Simulink software has been utilized to model the fuel consumption rate, to design a PID controller and to model the effect of the white noise on the quarter car suspension system. The results show that the PID controller has an effective performance to eliminate the effect of road conditions and reducing the fuel consumption rate which has a significant effect on environment sustainability.
Organization of the Paper
After the brief introduction the rest of the manuscript has been organized in following manner. First, in Section 2 (Methodology), the fuel consumption mathematical model, steps of simulation set up and data collection have been described in detail. Then in Section 3 (Results), the proposed methodology has been verified by analyzing the results. Finally, in Section 4 (Conclusions and Future Work) the summary of the manuscript has been provided, and possible future works have been suggested.
Methodology
Vehicle handling performance and fuel consumption rate are two important factors which are directly affected by vehicle suspension system [70] . Conventionally, in order to decrease the vehicle vibration a combination set up of springs and dampers has been used. This set up is generally known as passive suspension system. The input disturbance to the car from pavement condition cannot be eliminated by passive suspension system, since the damping ratio is constant and not adjustable. To eliminate the effect of the road condition, the best solution is to utilize an autonomous control system, known as active suspension system, which can compensate for the noise input to the system by exerting force to the system [71] .
In this paper, the problem has been defined as how an effective controller can be designed to control an active suspension system, to eliminate the pavement condition effects to reduce the fuel consumption. To fulfil the task first in next section, the Ahn fuel consumption mathematical model has been introduced, to model the fuel consumption rate before and after utilizing the PID controller. Next, an active suspension system has been introduced, and later, with respect to the control engineering concept, the introduced active suspension system mathematically has been modelled. In this third stage, the effect of the pavement condition on the vehicle, introducing the white noise concept, has been modelled, and in the next step, a PID controller (to control the proposed active suspension system) has been designed. In fifth step, the proposed system has been simulated, utilizing MATLAB-Simulink. This is followed by a performance analysis of the controller, and finalized by investigating the stability of the proposed controller.
Fuel Consumption Model
As discussed previously, there have been several different approaches taken to model the fuel consumption in a vehicle. Some of these approaches could be similar in terms of using the same variables but might have a different mathematical representation of the data, while others would have different variables all together with or without the same mathematical model. Most of the researches led in this field do not include every variable affecting the outcome of a vehicle's fuel consumption. This is due to a reason mentioned previously, regarding the decrease in the efficiency of the model. Because of this specific reason, the research conducted usually involves a limited number of variables.
In this article, the Ahn mathematical model has been utilized to calculate the fuel consumption rate. As shown in Equation (1), the model uses a vehicle's speed and acceleration alongside constants to find a vehicle's fuel consumption [72] 
where F is the rate of fuel consumption measured in ( 
Active Suspension Model
In this paper, the quarter car dynamic vibration model has been chosen to represent the active suspension model (see Figure 1 ). While this model has limitations, such as eliminating vehicle's pitching and roll angle vibrations, it also includes the most essential features for this research, such as the change of the load and suspension system's stress information, which has been utilized by many researchers, to investigate the effect of pavement conditions on body vibration of a vehicle [73] [74] [75] [76] [77] .
As shown in Figure 1 , the vehicle body mass (known as the sprung mass) has been shown with M 1 , and the mass of the axel and wheel, which has been shown with M 2 , represents the unsprung mass. The tire is assured to maintain contact with the surface of the road when the vehicle is traveling, and is modelled as a linear spring with stiffness K 2 . The linear damper, which average damping coefficient is D, and the linear spring, which average stiffness coefficient is K 1 , consist of the passive component of the suspension system. The vertical displacements of the M 1 and M 2 respectively have been represented by the state variables X 0 (t) and X 2 (t), since vertical pavement condition has been shown by X 1 (t). The active control force which has been created by the active suspension actuator is shown by U. 
As shown in Figure 1 , the vehicle body mass (known as the sprung mass) has been shown with M1, and the mass of the axel and wheel, which has been shown with M2, represents the unsprung mass. The tire is assured to maintain contact with the surface of the road when the vehicle is traveling, and is modelled as a linear spring with stiffness K2. The linear damper, which average damping coefficient is D, and the linear spring, which average stiffness coefficient is K1, consist of the passive component of the suspension system. The vertical displacements of the M1 and M2 respectively have been represented by the state variables X0(t) and X2(t), since vertical pavement condition has been shown by X1(t). The active control force which has been created by the active suspension actuator is shown by U. Generating a mathematical model is the first step of modelling a system, followed by calculating the design parameters. In an control engineering field, a system can be modelled mathematically in three different ways: (1) State space description; (2) transfer function description; and (3) weight function description [78] .
In this paper, the active quarter car suspension model (which has been presented in Figure 1 ) has been modelled mathematically by the Transfer Function method. To fulfil the task, two degrees of freedom motion differential equations have been generated (Equations (2) and (3), as follows), by analyzing the vehicle suspension system dynamics ( Figure 1 ): Generating a mathematical model is the first step of modelling a system, followed by calculating the design parameters. In an control engineering field, a system can be modelled mathematically in three different ways: (1) State space description; (2) transfer function description; and (3) weight function description [78] .
In this paper, the active quarter car suspension model (which has been presented in Figure 1 ) has been modelled mathematically by the Transfer Function method. To fulfil the task, two degrees of freedom motion differential equations have been generated (Equations (2) and (3), as follows), by analyzing the vehicle suspension system dynamics ( Figure 1) :
..
One must assume that all of the initial conditions are zero, so these equations represent a situation when the wheel of a car goes over a bump. The dynamics of Equations (2) and (3) assume that all initial conditions are zero, and there can be expressed in the form of transfer functions by taking Laplace Transform of the equations. This is to represent the condition of when vehicle goes over a bump. It is important to know that the system will have two transfer functions, as represented in Equations (4) and (5):
where
G 1 (s) represents the effect of exerted force, on the vertical displacement of the car, which has been produced by active suspension system; and G 2 (s) represents the effects of the pavement condition on the vertical displacement of the car.
This means that vertical displacement of the vehicle is superposition of the effects of both active suspension force and pavement condition. As mentioned in previous section, the goal of this research is to eliminate the effect of pavement condition on the system by utilizing a controller (in other words, this article proposes that, by adjusting the produced force by active suspension, the effect of the road condition can be eliminated). To achieve this goal, a PID controller, proposed and explored in next section, in order to control the amount of the produced force.
PID Controller
A PID controller is a closed loop controller type, which controls the plant output variable by minimizing the error between real plant output, and desired output. A PID controller consists of three controller modes: P as proportional controller, I as integral controller; and D as derivative controller (see Figure 2) 
One must assume that all of the initial conditions are zero, so these equations represent a situation when the wheel of a car goes over a bump. The dynamics of Equations (2) and (3) assume that all initial conditions are zero, and there can be expressed in the form of transfer functions by taking Laplace Transform of the equations. This is to represent the condition of when vehicle goes over a bump. It is important to know that the system will have two transfer functions, as represented in Equations (4) and (5): 
G1(s) represents the effect of exerted force, on the vertical displacement of the car, which has been produced by active suspension system; and G2(s) represents the effects of the pavement condition on the vertical displacement of the car.
A PID controller is a closed loop controller type, which controls the plant output variable by minimizing the error between real plant output, and desired output. A PID controller consists of three controller modes: P as proportional controller, I as integral controller; and D as derivative controller (see Figure 2) [79]. In industrial control systems, the main mode of the PID controller, are mostly known as the proportional control mode-which determines the controller response to the plant error by multiplying the error to the P controller's gain (Kp), so that a higher Kp will result in higher P action to the plant error (see Equation (7)) [80] . In industrial control systems, the main mode of the PID controller, are mostly known as the proportional control mode-which determines the controller response to the plant error by multiplying the error to the P controller's gain (K p ), so that a higher K p will result in higher P action to the plant error (see Equation (7)) [80] .
The effect of the integral controller mode can be defined as decreasing, or increasing, the response time of the controller to the plant error, by calculating the integral of the error, and multiplying it to the I controller's gain (K I ), so that a higher K I will result in higher I action to the plant error (see Equation (8)) [81] .
The last mode of a PID controller, which regulates the plant's output by calculating the derivative of the error and multiply it to the P controller's gain (K D ), is derivative controller mode (see Equation (9)). The D mode controllers are widely used in motion control systems, since they are very sensitive against of noise and disturbances [82] .
It is important to know that a PID controller is the weighted sum of these three modes of control, and based on the plant requirements, one or two modes can be eliminated. The response of the PID controller, control signal u(t), to the plant error can be determined, as shown in Equation (10) [83] .
It is highly important to mention that knowing effect of the each of these three modes on the response of the controller is an essential criteria in control theory; and any change in PID controller's coefficients can result in changing the status of the system from stable to unstable (see Table 1 ) [83] . The effect of the integral controller mode can be defined as decreasing, or increasing, the response time of the controller to the plant error, by calculating the integral of the error, and multiplying it to the I controller's gain (KI), so that a higher KI will result in higher I action to the plant error (see Equation (8)) [81] .
The last mode of a PID controller, which regulates the plant's output by calculating the derivative of the error and multiply it to the P controller's gain (KD), is derivative controller mode (see Equation (9)). The D mode controllers are widely used in motion control systems, since they are very sensitive against of noise and disturbances [82] .
u(t) = (K p × e(t)) +( K I × ∫ e(t) dt) +( K
It is highly important to mention that knowing effect of the each of these three modes on the response of the controller is an essential criteria in control theory; and any change in PID controller's coefficients can result in changing the status of the system from stable to unstable (see Table 1 ) [83] . As seen in Table 1 , if the Kp is increased too much, the control loop will begin oscillating, and become unstable. Furthermore, the system will not receive desired control response if Kp is set too low. The similar rules exist for integral and derivative controller modes.
The controller response will be very slow if the integral time is set too long, and system will be unstable the control loop will oscillate if KI is set too low. However, if KD increases too much, then oscillations will occur, and the control loop will turn to unstable.
By knowing the active suspension model and PID controller concept, the next step is design an effective PID controller for the quarter car model.
The goal of this paper is to design an effective controller by eliminating the effect of the pavement on the vehicle passengers. The controller should be designed to make its system stable, by eliminating the disturbance of the road, which shows itself as an oscillation of the vehicle; and, at the same time, has a smooth and fast control signal to ensure that passengers comfort and safety are not compromised. PID controllers are one of the best controllers that can be utilized for this purpose, since they are capable to reach the steady state error by having a short rise time, and they can give stability to a system by eliminating oscillations and overshoot of the system.
The proposed PID controller in this paper consists of all three controller modes: Proportional, integral and derivative. The proposed controller is capable of eliminate the noise of the pavement by adjusting the force of proposed active suspension system (see Figure 3) . The effect of the integral controller mode can be defined as decreasing, or increasing, the response time of the controller to the plant error, by calculating the integral of the error, and multiplying it to the I controller's gain (KI), so that a higher KI will result in higher I action to the plant error (see Equation (8)) [81] .
The proposed PID controller in this paper consists of all three controller modes: Proportional, integral and derivative. The proposed controller is capable of eliminate the noise of the pavement by adjusting the force of proposed active suspension system (see Figure 3) . As seen in Table 1 , if the K p is increased too much, the control loop will begin oscillating, and become unstable. Furthermore, the system will not receive desired control response if K p is set too low. The similar rules exist for integral and derivative controller modes.
The controller response will be very slow if the integral time is set too long, and system will be unstable the control loop will oscillate if K I is set too low. However, if K D increases too much, then oscillations will occur, and the control loop will turn to unstable.
The goal of this paper is to design an effective controller by eliminating the effect of the pavement on the vehicle passengers. The controller should be designed to make its system stable, by eliminating the disturbance of the road, which shows itself as an oscillation of the vehicle; and, at the same time, has a smooth and fast control signal to ensure that passengers comfort and safety are not compromised. PID controllers are one of the best controllers that can be utilized for this purpose, since they are capable to reach the steady state error by having a short rise time, and they can give stability to a system by eliminating oscillations and overshoot of the system. The proposed PID controller in this paper consists of all three controller modes: Proportional, integral and derivative. The proposed controller is capable of eliminate the noise of the pavement by adjusting the force of proposed active suspension system (see Figure 3) . It is important to know that how the proposed PID controller works.
As mentioned previously, in this research, the effect of the exerted force on the vertical displacement of the car, produced by active suspension system, has been mathematically modelled as G1(s). The input of this mathematical model is the PID controller output, which results in the displacement of body of the vehicle (sprung mass), with respect to the unsprung part. However, there is one more element which affects this displacement, such as the pavement condition. The road condition shows its effect as disturbance on the system, and, in this paper, it has been modelled mathematically as G2(s).
Since the reference input should be equal to zero, so it can be concluded that the difference between the reference input and total displacement, which is known as error function E(s), is the superposition of the effects of the control signal and noise signal on vehicle. In this case, the PID controller adjusts the active suspension force by calculating each mode signal, based on the error function E(s) (see Figure 4) . The proposed PID controller for the modelled quarter car's active suspension system has been simulated in a MATLAB-Simulink environment. The simulation's performance is based on the parameters found in Table 2 . It is important to know that how the proposed PID controller works. As mentioned previously, in this research, the effect of the exerted force on the vertical displacement of the car, produced by active suspension system, has been mathematically modelled as G 1 (s). The input of this mathematical model is the PID controller output, which results in the displacement of body of the vehicle (sprung mass), with respect to the unsprung part. However, there is one more element which affects this displacement, such as the pavement condition. The road condition shows its effect as disturbance on the system, and, in this paper, it has been modelled mathematically as G 2 (s).
Since the reference input should be equal to zero, so it can be concluded that the difference between the reference input and total displacement, which is known as error function E(s), is the superposition of the effects of the control signal and noise signal on vehicle. In this case, the PID controller adjusts the active suspension force by calculating each mode signal, based on the error function E(s) (see Figure 4) . It is important to know that how the proposed PID controller works.
Since the reference input should be equal to zero, so it can be concluded that the difference between the reference input and total displacement, which is known as error function E(s), is the superposition of the effects of the control signal and noise signal on vehicle. In this case, the PID controller adjusts the active suspension force by calculating each mode signal, based on the error function E(s) (see Figure 4) . The proposed PID controller for the modelled quarter car's active suspension system has been simulated in a MATLAB-Simulink environment. The simulation's performance is based on the parameters found in Table 2 . The proposed PID controller for the modelled quarter car's active suspension system has been simulated in a MATLAB-Simulink environment. The simulation's performance is based on the parameters found in Table 2 . 
Results
As seen in Figure 5 , the proposed methodology has been implemented and modelled in a MATLAB-Simulink environment. The model can be dived in two main parts: (1) Controlled parts; and (2) uncontrolled parts. The controlled part consists of the proposed PID controller, to reduce the effect of the imposed fluctuations by the pavement condition on the vehicle, and the effect of the controller on reduction of the fuel consumption rate. The uncontrolled parts consist of the effects of the pavement conditions on a vehicle's vertical displacement, and the effect of these vibrations on the fuel consumption rate. The pavement condition x 0 (s) has been modelled by Gaussian white noise. The reason is that the road unevenness is kind of noise, which should be compensate-therefore, any kind of colored noise such as pink, red, green, etc., can be utilize for this purpose [84] . Since white noise contains all frequencies of colored noises, so it is a good approximation to simulate the randomness of pavement roughness [85] . 
As seen in Figure 5 , the proposed methodology has been implemented and modelled in a MATLAB-Simulink environment. The model can be dived in two main parts: (1) Controlled parts; and (2) uncontrolled parts. The controlled part consists of the proposed PID controller, to reduce the effect of the imposed fluctuations by the pavement condition on the vehicle, and the effect of the controller on reduction of the fuel consumption rate. The uncontrolled parts consist of the effects of the pavement conditions on a vehicle's vertical displacement, and the effect of these vibrations on the fuel consumption rate. The pavement condition x0(s) has been modelled by Gaussian white noise. The reason is that the road unevenness is kind of noise, which should be compensate-therefore, any kind of colored noise such as pink, red, green, etc., can be utilize for this purpose [84] . Since white noise contains all frequencies of colored noises, so it is a good approximation to simulate the randomness of pavement roughness [85] . As seen in Figure 5 , the reference input (which here is the desired output) has been simulated by the step function. The reason is that the reducing and even elimination the vehicle oscillations is desirable, and the oscillations is resulted by displacements of sprung mass, with respect to unsprung mass. The displacement has been calculated as plant's output (x0(s) − x2(s)). Since the target is to eliminate it, the desired output should be considered as zero, and a step function (generating zero value at t > 0) is a good model to generate the required data.
The effect of the random road pavement, which has been modelled by a Gaussian white noise generator, has been illustrated in Figure 6 . It can be observed that the vehicle follows the road condition, with fluctuates with road fluctuations (which can be considered as unstable behavior). This will result in increasing fuel consumption, decreasing effective life of the vehicle's part, and compromising passengers' safety. As seen in Figure 5 , the reference input (which here is the desired output) has been simulated by the step function. The reason is that the reducing and even elimination the vehicle oscillations is desirable, and the oscillations is resulted by displacements of sprung mass, with respect to unsprung mass. The displacement has been calculated as plant's output (x 0 (s) − x 2 (s)). Since the target is to eliminate it, the desired output should be considered as zero, and a step function (generating zero value at t > 0) is a good model to generate the required data.
The effect of the random road pavement, which has been modelled by a Gaussian white noise generator, has been illustrated in Figure 6 . It can be observed that the vehicle follows the road condition, with fluctuates with road fluctuations (which can be considered as unstable behavior). This will result in increasing fuel consumption, decreasing effective life of the vehicle's part, and compromising passengers' safety. As seen in Figure 6 , this uncontrolled response is not convenient for the passengers. Therefore, in order to reduce and eliminate the effect of the road pavement on the car, which shows itself as car fluctuation (as described before), a PID controller has been designed.
By utilizing the PID controller, as it can be observed from Figure 7 , the car does not follow the road condition, and the active suspension controller cancels out the unpleasant pavement condition's effect on the car. To have a better understanding of how the proposed PID controller compensate for the effect of the pavement, controlled and uncontrolled total system behaviors have been shown in Figure 8 . As can be observed, the first system shows an aggressive controlled response to the input noise, but after three seconds it starts to cancel the noise, and prepares a convenient and safe ride for passengers. As seen in Figure 6 , this uncontrolled response is not convenient for the passengers. Therefore, in order to reduce and eliminate the effect of the road pavement on the car, which shows itself as car fluctuation (as described before), a PID controller has been designed.
By utilizing the PID controller, as it can be observed from Figure 7 , the car does not follow the road condition, and the active suspension controller cancels out the unpleasant pavement condition's effect on the car. As seen in Figure 6 , this uncontrolled response is not convenient for the passengers. Therefore, in order to reduce and eliminate the effect of the road pavement on the car, which shows itself as car fluctuation (as described before), a PID controller has been designed.
By utilizing the PID controller, as it can be observed from Figure 7 , the car does not follow the road condition, and the active suspension controller cancels out the unpleasant pavement condition's effect on the car. To have a better understanding of how the proposed PID controller compensate for the effect of the pavement, controlled and uncontrolled total system behaviors have been shown in Figure 8 . As can be observed, the first system shows an aggressive controlled response to the input noise, but after three seconds it starts to cancel the noise, and prepares a convenient and safe ride for passengers. To have a better understanding of how the proposed PID controller compensate for the effect of the pavement, controlled and uncontrolled total system behaviors have been shown in Figure 8 . As can be observed, the first system shows an aggressive controlled response to the input noise, but after three seconds it starts to cancel the noise, and prepares a convenient and safe ride for passengers. As seen in Figure 5 , in the proposed model, two fuel consumption blocks have been created to calculate the changing of the fuel consumption rate. It is important to mention that the mathematical model, inside both blocks, is the Ahn model, which has been discussed previously. The fuel consumption model, in the lower part of the model, has the role of calculating the change of the fuel consumption rate, based on the imposed vibration by the road conditions on the vehicle. It is essential to remembered that here the proposed model is not capable of calculating the fuel consumption rate, since it should be calculated via horizontal displacement of the vehicle, but the vertical fluctuations act as a resistant in front of the engine acceleration. This means that the function of the block is simulating the uncontrolled change in fuel consumption rate.
The results, as shown in Figure 9 , indicate that since speed and velocity of the vehicle are changing, during the simulation time, and the fuel consumption's model depends on these two variables, the fuel consumption rate changes under the random pavement conditions, which results in more CO emissions. As it is shown in Figure 10 , after adding the proposed PID controller to the system, the fuel consumption rate at the beginning of the simulation, and at the first control signal, has a changebut it remains without any changes during the rest of the simulation period. As seen in Figure 5 , in the proposed model, two fuel consumption blocks have been created to calculate the changing of the fuel consumption rate. It is important to mention that the mathematical model, inside both blocks, is the Ahn model, which has been discussed previously. The fuel consumption model, in the lower part of the model, has the role of calculating the change of the fuel consumption rate, based on the imposed vibration by the road conditions on the vehicle. It is essential to remembered that here the proposed model is not capable of calculating the fuel consumption rate, since it should be calculated via horizontal displacement of the vehicle, but the vertical fluctuations act as a resistant in front of the engine acceleration. This means that the function of the block is simulating the uncontrolled change in fuel consumption rate.
The results, as shown in Figure 9 , indicate that since speed and velocity of the vehicle are changing, during the simulation time, and the fuel consumption's model depends on these two variables, the fuel consumption rate changes under the random pavement conditions, which results in more CO emissions. As seen in Figure 5 , in the proposed model, two fuel consumption blocks have been created to calculate the changing of the fuel consumption rate. It is important to mention that the mathematical model, inside both blocks, is the Ahn model, which has been discussed previously. The fuel consumption model, in the lower part of the model, has the role of calculating the change of the fuel consumption rate, based on the imposed vibration by the road conditions on the vehicle. It is essential to remembered that here the proposed model is not capable of calculating the fuel consumption rate, since it should be calculated via horizontal displacement of the vehicle, but the vertical fluctuations act as a resistant in front of the engine acceleration. This means that the function of the block is simulating the uncontrolled change in fuel consumption rate.
The results, as shown in Figure 9 , indicate that since speed and velocity of the vehicle are changing, during the simulation time, and the fuel consumption's model depends on these two variables, the fuel consumption rate changes under the random pavement conditions, which results in more CO emissions. As it is shown in Figure 10 , after adding the proposed PID controller to the system, the fuel consumption rate at the beginning of the simulation, and at the first control signal, has a changebut it remains without any changes during the rest of the simulation period. As it is shown in Figure 10 , after adding the proposed PID controller to the system, the fuel consumption rate at the beginning of the simulation, and at the first control signal, has a change-but it remains without any changes during the rest of the simulation period. To explore the stability status of the designed controller in this research, as it can be seen in Figure 11 , the compensator editor tool of the MATLAB software has been adopted. The system, without considering the forced step function input, has only one negative pole at −100, and two complex zeroes at −0.405 ± 1.19i. If the forced input effect is desired for consideration, another pole in zero has to be added to the system. Since the system only has a one negative pole, it can be concluded that the designed PID controller (based on the location of the poles) is a stable system, and (based on the location of the zeros) it has a damping ratio of 0.3, and a natural frequency of 1.25 Hz. Now, by knowing the locations of the pole and zeros of the system, the Root Locus diagram can be plot. As seen in Figure 12 , it can be concluded that by moving to the left side of the real axis, the system shows more stable behavior. To explore the stability status of the designed controller in this research, as it can be seen in Figure 11 , the compensator editor tool of the MATLAB software has been adopted. The system, without considering the forced step function input, has only one negative pole at −100, and two complex zeroes at −0.405 ± 1.19i . If the forced input effect is desired for consideration, another pole in zero has to be added to the system. Since the system only has a one negative pole, it can be concluded that the designed PID controller (based on the location of the poles) is a stable system, and (based on the location of the zeros) it has a damping ratio of 0.3, and a natural frequency of 1.25 Hz. To explore the stability status of the designed controller in this research, as it can be seen in Figure 11 , the compensator editor tool of the MATLAB software has been adopted. The system, without considering the forced step function input, has only one negative pole at −100, and two complex zeroes at −0.405 ± 1.19i. If the forced input effect is desired for consideration, another pole in zero has to be added to the system. Since the system only has a one negative pole, it can be concluded that the designed PID controller (based on the location of the poles) is a stable system, and (based on the location of the zeros) it has a damping ratio of 0.3, and a natural frequency of 1.25 Hz. Now, by knowing the locations of the pole and zeros of the system, the Root Locus diagram can be plot. As seen in Figure 12 , it can be concluded that by moving to the left side of the real axis, the system shows more stable behavior. Now, by knowing the locations of the pole and zeros of the system, the Root Locus diagram can be plot. As seen in Figure 12 , it can be concluded that by moving to the left side of the real axis, the system shows more stable behavior. 
Conclusions and Future Work
The main role of a suspension systems is to reduce fuel consumption, and to unsure passenger safety. Road roughness yields fluctuations of the vehicle wheels, which is transmitted to the all parts of the vehicle, as well as the passengers. It becomes clear that the role of the suspension system is to reduce as many of these vibrations and shocks, which occur while driving, as possible. An effective suspension system should result in a smooth driving, with less vehicle vibrations, and a degree of comfort, based on the interaction with bumpy road surface. The vehicle behavior should not consistent of large oscillations in presence of a good suspension system. To achieve this goal, in this paper, an active car suspension has been modelled, and an effective PID controller has been proposed and designed, to cancel the negative effects of the pavement conditions. Since the Gaussian white noise produces random outputs, it has been adopted to simulate the pavement effects on the vehicle. The Ahn mathematical model was utilized to simulate the change of the fuel consumption rate-both in controlled, and uncontrolled conditions. Proposed plant and control architecture has been modelled by using the MATLAB-Simulink software package, and the stability of controller has been investigated. The results show that the proposed PID controller works, and has is effective, which in turn results in the decrease of fuel consumption, and prevents premature damage to the vehicle. For future studies, rather than the proposed linear model, nonlinear elements can be considered for the quarter car model, and the PID controller's coefficients can be optimized by Ring Probabilistic Logic Neural Networks (RPLNN) Hybrid Algorithms, Genetic Algorithm, and other artificial intelligent techniques. 
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